What is already known about this subject?
What does this study add?
► The present study in significant primary MR reveals that the degree of left atrial (LA) dilatation is associated with resting pulmonary capillary wedge pressure (PCWP), and pulmonary artery pressure at rest. However, with exercise these associations disappear, and exercise PCWP is not associated with severity of dilatation. ► Estimation of end-diastolic pressure volume relationship suggests that filling pressures with exercise are also determined by intrinsic LV diastolic properties in primary MR, whereas resting haemodynamics are primarily determined by severity of MR.
How might this impact on clinical practice?
► The study provides insights and understanding of LA dilatation and function assessed with CMRI in primary MR as well as understanding of determinants of elevated filling pressure with exercise.
AbstrAct
Objective To assess the association between cardiac morphology and function assessed with cardiac MRI (CMRI) and haemodynamics at rest and during exercise in patients with primary mitral regurgitation (MR).
Methods In an observational study, subjects with significant primary MR (N = 46) with effective regurgitant orifice ≥ 0.30 cm 2 and left ventricular (LV) ejection fraction > 60% were examined with right heart catheterisation during rest and exercise and CMRI at rest. End-diastolic pressure volume relationship (EDPVR) was assessed using a single beat method using pulmonary capillary wedge pressure (PCWP) and end-diastolic volume. Patients were divided according to normal PCWP at rest (> 12 mm Hg) and with exercise (> 28 mm Hg). Results: Resting regurgitant volume correlated positively with resting PCWP, (r = 0.42, p = 0.002). However, with exercise no association between PCWP and regurgitant volume was seen (r = 0.09, p = 0.55). At rest left atrial (LA) maximal, minimal and volume index at atrial contraction correlated positively with PCWP (r = 0.60; r = 0.55; r = 0.58, all p < 0.001); in contrast none of these correlated with exercise PCWP (all p > 0.2). EDPVR in patients with high PCWP at rest was shifted towards higher volumes for the same pressures. The opposite was seen for patients with high PCWP during exercise where estimated volumes were smaller for the same pressure than patients with normal exercise PCWP. Conclusion In patients with significant MR the degree of regurgitation and LA dilatation is associated with resting PCWP. However, with exercise this association disappears. Estimation of EDPVR suggests lower LV compliance in patients where PCWP is increased with exercise. Clinical trial registration URL: https:// clinicaltrials. gov/ ct2/ show/ NCT02961647? term= HEMI& rank= 1. ID: NCT02961647
IntrOduCtIOn
Primary mitral valve regurgitation due to degenerative valve disease is the second most common form of valvular heart disease in the Western world. 1 The consequence of mitral regurgitation (MR) is left ventricular (LV) and left atrial (LA) volume overload with dilatation of cardiac chambers and eventually dysfunction of affected chambers. LV and LA dilatation is a hallmark of significant MR and carries important prognostic information. [2] [3] [4] The changes in LA and LV function are key elements to understand the haemodynamic consequence of disease and are pivotal in guidance of therapy.
Cardiac MRI (CMRI) can assess and quantify MR severity using phase velocity encoded CMRI based on indirect measures of differential stroke volumes (SVs). 5 6 Further, cine-CMR can quantify changes in LV function and size with high accuracy and thus seems attractive to guide decision making for mitral valve interventions. [7] [8] [9] Recent data have suggested that compared with using echocardiography, assessment of severity of MR using CMRI provides better accuracy in identifying patients who will develop the need for surgery and also improves the outcome after surgery [7] [8] [9] Although CMRI is attractive, the vast burden of evidence in MR is based on echocardiographic assessment where neither regurgitant volume nor LV size and function may be interchangeable between imaging modalities. [7] [8] [9] Thus, in the present study we sought to determine the association between cardiac morphology and function assessed with CMRI and central haemodynamics especially in terms of increased filling pressure assessed with right heart catheterisation at rest and during exercise in patients with significant primary MR.
MetHOds
This was a prospective single-centre study evaluating consecutive stable patients with significant MR. 10 Outpatients ≥18 years of age with either asymptomatic or symptomatic significant organic MR (effective regurgitant orifice (ERO) ≥0.3 cm 2 ) were invited to participate. Patients with LV ejection fraction (LVEF) <60% on transthoracic echocardiography, concomitant moderate-to-severe aortic stenosis or regurgitation, persistent atrial fibrillation, significant cardiac shunt, estimated glomerular filtration rate <40 mL/min, known history of cardiomyopathy, or obstructive or restrictive pulmonary disease, were not eligible. Patients unable to perform exercise testing or with claustrophobia were excluded. A transesophageal echocardiogram was performed to determine valve morphology and characteristics of the prolapse. Patients with severe MR (ERO >0.4 cm 2 ) irrespective of symptoms were discussed at the heart team conference for possible mitral valve repair. The heart team was blinded to the result of CMRI and in most cases right heart catheterisation was done after heart team discussion.
The study was conducted according to the Declaration of Helsinki and registered at the Danish Data Protection Agency, and at ClinicalTrials. gov with identifier NCT01974557. All participants provided written consent.
Cardiac MrI
CMRI was performed on a Philips Ingenia 1.5T scanner with an Omega HP gradient system (Philips Electronics, Koninklijke, Netherlands). Eighteen-24 sequential short-axis slices enclosing the entire heart were obtained during multiple end-expiratory breath hold sequences acquiring slices of 8 mm thickness. A 32-channel Stream Torso coil was used during image acquisition. Delayed enhancement imaging was performed 10-15 min after administration of 0.1 mmol/kg gadoterate meglumine (Dotarem, Guerbet, Aulnay-Bois, France). Optimal inversion time (TI), in order to null the myocardium, was determined using a Look-Locker sequence with multiple images with varying TI. Images were analysed blinded for clinical and echocardiographic data by an experienced examiner on a dedicated workstation with a Philips Workspace software package (V.2.6.3.5 2013).
Atrial and ventricular chamber volumes and LV mass were acquired from a cine sequence with continuous short axis slices covering the atria and ventricles down to apex. 11 With maximal volumes, endocardial and epicardial borders were manually traced as previously described. 12 Papillary muscles were considered as part of the LV cavity and excluded from LV mass, and the left atrial appendage volume was included in the LA volume. LV and right ventricular (RV) volumes were used to calculate LVEF and RV ejection fraction. LA maximal, LA volume at preatrial contraction and LA minimal volume were measured, and LA fractional change (maximal volume minus minimal volume) and LA active emptying fraction (LA preatrial contraction volume minus minimal volume) were calculated.
Phase velocity flow mapping of flow volumes in the aorta obtained at the sinotubular junction were used to assess forward flow through the aortic valve (forward LV SV). The spatial resolution was 2.5×2.5 mm using an 8 mm slice thickness. The temporal resolution used was 25-55 ms. The initial encoding velocity was set at 200 cm/s with increments of 50 ms, if aliasing was present. The regurgitated volume through the mitral valve was calculated as (LV end-diastolic volume − LV end-systolic volume) minus aortic SV. 5 6 MR volume was categorised per American Heart Association/American College of Cardiology guidelines as severe when exceeding 60 mL.
11
right heart catheterisation Right heart catheterisation was performed using a standard 7.5 F triple lumen Swan-Ganz catheter (Edwards Lifesciences, Irvine, California, USA), introduced using the Seldinger technique into the right internal jugular vein. Subjects were examined on chronic medications in the supine position at rest and in the semisupine position (30°) during exercise. Workload was increased by 25 Watts every third minute. Pulmonary capillary wedge pressure (PCWP), mean right atrial pressure, systolic pulmonary artery pressure (PAP), diastolic PAP, mean PAP and cardiac output (CO) were measured at rest and peak exercise. PCWP (mid A-wave pressure) at rest was measured at end-expiration; during exercise PCWP was averaged over 10 s avoiding prominent V-waves. If large V-waves were present this was also measured (defined as V-wave ≥7 mm Hg higher than mean PCWP). 13 CO was measured using thermodilution as the average of three measurements with <10% difference. If measurements differed >10% they were repeated and subsequently excluded if still differing. CO was indexed to body surface area (Dubois formula) as Cardiac Index. At rest and at peak exercise a central venous blood sample was drawn from the pulmonary artery and analysed for lactate concentration, mixed venous oxygen saturation and pH. At rest PCWP ≤12 mm Hg and mean PAP<25 mm Hg were considered normal values, and PCWP ≤28 mm Hg at peak exercise was considered normal. Estimation of end-diastolic pressure volume relationship End-diastolic pressure volume relationship (EDPVR) can be described by the non-linear expression: LV end-diastolic pressure (LVEDP) = α × (LVEDV)β 15 Using this equation EDPVR was estimated for all patients using a single-beat estimation technique which has been described in detail previously. 15 16 The resting PCWP measured at mid A-wave, avoiding V waves was used as a surrogate for LVEDP, and LVEDV was determined from CMRI. Based on these measurements α and β were estimated for each individual patient. Then, in each subject LVEDV for predefined values of LVEDP: 5 mm Hg, 10 mm Hg, 15 mm Hg, 20 mm Hg, 25 mm Hg and 30 mm Hg were calculated.
Valvular heart disease
Estimation of plasma volume Plasma volume was estimated as follows: (1−haematocrit)×(a+(b×weight in kg)), where a=1530 for men and 864 for women and b=41 for men and 47.9 for women. 17 18 statistical analysis Data are presented as mean±SD or median (IQR) unless otherwise indicated. Between-group differences were tested using analysis of variance, χ 2 test, or non-parametrical rank-sum test for non-Gaussian distributed variables. Simple bivariate associations were assessed using the Pearson correlation coefficient. Multiple regression analysis was used to evaluate associations between PCWP at rest and with exercise and regurgitant volume, LV, and LA size and function, adjusted for age and gender and type of prolapse. Model assumptions were tested (linear relationship, normality, collinearity and homoscedasticity) and found valid. Further, no interactions were identified. SPSS (IBM Statistics, V.21.0) software was used for statistical analysis. A value of p<0.05 was considered statistically significant. results Among 125 patients with significant MR, 68 declined participation and 57 were enrolled (table 1) where CMRI (table 2) was available in 46 patients. Twenty-five patients (54%) were asymptomatic and 21 (46%) were symptomatic (NYHA class II-III). CMRI was done median 0 days (IQR −2 days to 6 days) after right heart catheterisation. After heart team discussion 21 patients were referred for surgery (18 class I indication, 2 with class 2A indication (paroxysmal atrial fibrillation) and 1 class 2B indication).
regurgitant volume
Invasive haemodynamics at rest and at peak exercise according to regurgitant volume are summarised in table 3. Resting PCWP was increased >12 mm Hg in 8 patients (33%) with regurgitant volume <60 mL compared with 17 (77%) with regurgitant volume ≥60 mL (p=0.01), and regurgitant volume correlated positively with PCWP ( figure 1 ). However, with exercise no difference in patients with increased exercise PCWP (≥28 mm Hg) according to regurgitant volume was seen (12/24 patients vs 12/22 patients, p=0.65), and PCWP at peak exercise did not correlate with regurgitant volume at rest. Also resting PAP was increased with increased regurgitant volume. Although, CO and RV stroke work were the same, LV stroke work was increased with increased regurgitant volume, Further, no differences in LA volumes or function were found between patients with increased exercise PCWP (>28 mm Hg) or normal PCWP with exercise.
At rest LA maximal, minimal and pre A volume index correlated positively with PCWP (r=0.60, p<0.001 ( figure 2) ; r=0.55, p<0.001; r=0.58, p<0.001, respectively) and V-wave (r=0.61, p<0.001; r=0.55, p<0.001; r=0.55, p<0.001, respectively). LA active emptying fraction was negatively associated with resting PCWP (r=−0.38, p=0.009) but not fractional change r=-19, p=0.20). The association between LA maximal volume index and resting PCWP remained significant (β=0.41, p=0.005) in a linear regression model that also included age, gender, flail leaflet, regurgitant volume and LVEDV Index. In that model also presence of flail leaflet (p=0.004) and LVEDV Index (p=0.01) was associated with PCWP.
In contrast neither LA size nor LA function showed any statistically significant associations with peak exercise PCWP (figure 2) or V-wave.
end-diastolic pressure volume relationship
Estimated EDPVR is shown in figure 3 . These curves represent predicted LVEDV for a given physiological LVEDP. Compared with the group with normal PCWP at rest, the curve of the high PCWP group was shifted towards higher volumes for the same pressures, reflecting increased compliance, ( figure 3A ). This was associated with higher plasma volume in patients with elevated resting PCWP (3096±253 mL vs 2851±408 mL, p=0.01). However the opposite was seen for patients with high PCWP; during exercise these patients had smaller estimated volumes for same pressure and the slope of EDPVR was steeper than patients with low PCWP during exercise, (figure 3B). There was no difference in plasma volume in patients with elevated or normal exercise PCWP (3017±315 mL vs 2950±400 mL, p=0.54).
Among patients referred for surgery 14 patients (67%) had increased exercise PCWP (>28 mmHg), opposed to 7 (28%) among patients not referred for surgery, p=0.01.
dIsCussIOn
The present exploratory study in significant primary MR reveals that the degree of LA dilatation is associated with resting PCWP, V-wave and PAP at rest. However, with exercise these associations disappear, and exercise PCWP is not associated with severity of dilatation. Estimation of EDPVR suggests lower compliance for patients with elevated PCWP with exercise, whereas increased PCWP at rest was associated with enhanced LV compliance. Collectively, these findings suggest that filling pressures with exercise are also determined by intrinsic LV diastolic properties in primary MR, whereas resting haemodynamics are primarily determined by severity of MR.
Several methods have been proposed to assess the severity of MR with CMRI. 5 6 In the present study the method based on subtracting the aortic forward flow from the LV SV was used. Although this method has been reported to yield higher regurgitant volumes than direct measurements, it has highest reproducibility. 5 6 19 In the clinical setting this method has been demonstrated to carry important information both in symptomatic and asymptomatic patients [7] [8] [9] and is the method recommended in the AHA/ACC guidelines for management of valvular disease, 11 Haemodynamically, regurgitant volume correlated positively with PCWP, mPAP, V-wave and LV stroke work at rest. This provides a clear link between the severity of MR assessed with CMRI and the haemodynamic consequence of MR.
Regurgitant volume was also closely associated with severity of LA dilatation, but not LA function, where both LA active emptying and fractional change were preserved despite severe MR. LA enlargement is a hallmark of severe MR, 2 4 where it can be conceptualised as an adaptive response to volume overload. Thus, LA dilatation will result in increased atrial compliance in an attempt to maintain normal LA (and pulmonary) pressures. In the present study we found extensive LA dilatation in all subjects. As expected LA size was associated with mitral regurgitant volume. In addition we also found at rest a good association between LA size (LA maximal, minimal and preatrial contraction volumes) and PCWP at rest. This demonstrates that LA volume in primary MR carries important information of the haemodynamic burden of the valve disease.
In patients with LV pressure overload such as severe aortic stenosis, 20 21 patients with heart failure with preserved EF, 22 and patients with diastolic dysfunction after acute myocardial infarction, 23 we and others have demonstrated that even if PCWP at rest is normal, exercise with increased CO induces a considerable and uniform increase in PCWP, thereby unmasking the severity of diastolic dysfunction with exercise. In line with this, LA maximal volume and non-invasive surrogates of filling pressure on echocardiography have been shown to be associated with PCWP both at rest and with exercise in these conditions, where a severely enlarged LA will predict an abnormally increased PCWP with exercise. 20 21 23 Contrary to these disorders, we found no association between LA volumes or function with exercise PCWP in the volume-overload heart due to compensated significant MR. None of the associations detected at rest could be found with exercise. To further understand determinants of exercise PCWP we sought to determine EDPVR, which by definition indicates the amount of diastolic filling that will occur for a specified filling pressure and therefore is a key physiological determinant of preload. 24 We adopted the method for estimating EDPVR from a single end-diastolic pressure-volume point which has been described and validated previously in detail. 15 16 Doing this we found that patients with an increased PCWP at rest had a right-shifted EDPVR; thus, for a given EDPVR, LVEDV was increased suggesting a more compliant LV. This compares well with higher mitral regurgitant Valvular heart disease volume in patients with increased resting PCWP; thus, the right shift of EDPVR signifies the expected adaption to volume overload in significant MR. However, patients, where exercise PCWP was abnormally increased, had a left shift of the resting EDPVR and a steeper slope than patients with normal PCWP with exercise, thus, adaption to significant MR could not be detected at rest based on conventional assessment of severity of chamber dilatation, severity of MR or resting PCWP. So where resting PCWP seems to reflect the severity of valve disease per se, exercise PCWP seems to a greater extent to reflect intrinsic diastolic LV function. Thus, people with exercise PCWP elevation display a physiology more like heart failure with preserved EF, and thus smaller, stiffer hearts and no plasma volume expansion. 17 22 This physiology was also associated with higher rate of referral for sugery even though the heart team was unaware of the result of catheterisation in most cases. Thus even though the number of patients is too low to draw any conclusion of therapeutic consequences, exercise haemodynamic assessment may provide additional information in the patient with ambiguous symptoms.
limitations All patients were required to undergo a cardiopulmonary exercise test and a significant number of patients declined participation, which may introduce selection bias by excluding more sedentary patients. Patients with pulmonary congestion or unstable haemodynamics were also excluded. Thus the present study only reflects ambulatory patients with significantly compensated MR.
A further limitation is that CMRI was done only at rest, thus we cannot measure the EDPVR during exercise. Previous data suggest an acute shift up and to the left of EDPVR in patients with heart failure and preserved EF. 25 Whether the EDPVR in patients with elevated exercise PCWP showed a further upward left shift of EDPVR is speculative. The subjects were examined with right heart catheterisation during semisupine exercise, and results may differ with exercise in the upright position, as venous return is increased in the semisupine position. We used a cut-off of 28 mm Hg in PCWP for abnormal PCWP with exercise based on a previous study by Wolsk et al, 14 which is higher than the often used threshold of 25 mm Hg. This was done to ensure the group with increased exercise PCWP truly were abnormal.
Measurement of aortic flow at the sinotubular junction (instead of at the level of the valve) might underestimate the aortic flow by 10%-15% 26 and thus cause modest overestimation of the regurgitant volume on CMRI. However, quantification of MR severity by CMRI is generally associated with high accuracy and reproducibility. 5 19 The relative small sample size increases the risk of statistical uncertainty but to our knowledge this is the first study to describe invasively measured haemodynamic characteristics and associations with LV and LA morphology obtained with CMRI in patients with significant MR.
COnClusIOn
In patients with significant primary MR, the degree of LV and especially LA dilatation is associated with resting PCWP, V-wave and PAP at rest. In contrast, exercise haemodynamics have little relationship to MR severity, and alterations in LV diastolic chamber compliance are the more important determinant. Estimation of EDPVR suggests lower LV compliance in patients with elevated PCWP with exercise, an association that was not seen for patients with increased resting PCWP, thus, suggesting that filling pressures with exercise are determined by intrinsic LV diastolic properties in primary MR, whereas resting haemodynamics are more closely associated with severity of MR. Open access This is an open access article distributed in accordance with the Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which permits others to distribute, remix, adapt, build upon this work non-commercially, and license their derivative works on different terms, provided the original work is properly cited, appropriate credit is given, any changes made indicated, and the use is non-commercial. See: http:// creativecommons. org/ licenses/ by-nc/ 4.0
